BioBreeding Worcester diabetes-prone (BBdp) rats develop insulin-dependent autoimmune-driven diabetes mellitus spontaneously and intravenous administration of 1 x 107 p.f.u, of lymphocytic choriomeningitis virus (LCMV) to young adult mice prevents disease. The virus is lymphotropic, binding to and replicating in such cells. BBdp rats fail to generate virus-specific major histocompatibility complex-restricted cytotoxic T lymphocyte (CTL) responses when challenged with this dose or other doses of LCMV, Pichinde virus or vaccinia virus. Yet such rats clear virus effectively and show no evidence of persistent infection. Associated with this clearance of virus and establishment of immunity is the production of neutralizing antibodies.
Introduction
The BioBreeding (BB) rat has been studied primarily for its spontaneous autoimmune insulin-dependent diabetes mellitus (IDDM) (Marliss et al., 1982) . Our experience over the last 5 years with two of several BB rat sublines, the diabetes-prone (BBdp) and diabetes-resistant (BBdr), is that 75 to 82% of BBdp rats develop IDDM by 250 days, whereas fewer than 3 % of the BBdr group develop the disease. Inoculation of BBdp rats at 30 days of age with lymphocytic choriomeningitis virus (LCMV) reduces the incidence of IDDM significantly, leaving these rats with normal blood glucose and pancreatic insulin levels and minimal or no mononuclear cell infiltration in the islets of Langerhans Schwimmbeck et al., 1988) . Replicating virus is required, since BBdp rats inoculated with u.v.-inactivated virus have approximately the same incidence of IDDM as untreated animals Schwimmbeck et al., 1988) . The virus is recoverable only from lymphoid cells (none from the other tissues tested), and only during the first 15 days following the initiation of infection (Schwimmbeck et al., 1988) . BBdp rats have a lymphopenia when compared to BBdr rats (Woda & Padden, 1987) . During the course of studying the immune response of BBdp rats to LCMV, as well as to other viral and non-viral antigens, we became aware of a defect in cytotoxic T cell (CTL) responsiveness. Here we present our observations: BBdp rats fail to generate primary or secondary CTL responses to a variety of viruses; BBdp rats control acute viral infection, clear virus and resist viral re-challenge; BBdr rats generate CTLs; F 1 hybrids ofBBdp x BBdr rats generate CTLs; more LCMV binds to lymphocytes from BBdp rats than to those from BBdr rats; and finally, LCMV infects and replicates in more lymphocytes from BBdp rats than from BBdr rats.
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Breeders for the BBdp line frequently had IDDM and were maintained on insulin. C57BL/6 (H-2 b) mice were obtained from the RISC vivarium.
Cell lines originating from BBdp and BBdr rat embryos were developed by using standard tissue culture procedures (Freshney, 1983) . MC57 (H-2b), a cultured cell line was carried and used as described (Byrne & Oldstone, 1984; Whitton et al., 1988) .
Viruses. A variant of LCMV Armstrong, strain 1371 53b, designated clone 13 (Ahmed et al., 1984) and parental LCMV Armstrong 53b were used. In preliminary studies, both viral stocks, cloned three times, gave equivalent results so that only results with clone 13 are recorded here. The source, use and assay for vaccinia and Pichinde viruses are described elsewhere (Whitton et al., 1988; Ahmed et al., 1984) .
Detection of replicating LCMV was performed by cocultivation of rat tissues or lymphocytes on permissive Vero cells as described elsewhere for mouse samples (Doyle & Oldstone, 1978) . Viral RNA was sought in organs of LCMV-inoculated rats as published (Schwimmbeck et al., 1988) by homogenizing tissues in guanidinium thiocyanate and extracting RNA by centrifugation on a CsCI gradient, and by phenol-chloroform extraction. After denaturation, fivefold dilutions of up to 75 lag of RNA were applied to nitrocellulose filters; these filters were baked at 80 °C for 1 h and hybridized with a 32p-labelled eDNA probe specific for the small RNA segment of LCMV which encodes a viral nucleoprotein and glycoprotein. Concurrently, positive controls of RNA extracted from tissues of mice persistently infected with LCMV clone 13 from which infectious virus was recoverable, and negative controls of RNA extracted from tissues of BBdp rats and mice not inoculated with LCMV, were included.
Neutralizing antibody and CTL assays. Sera were obtained from blood collected by heart puncture of BBdp rats at 4, 7, 10, 14, 30, 60, 90 and 180 days after LCMV inoculation. The presence of LCMV-specific neutralizing antibodies was assayed as described (Schwimmbeck et al., 1988; Parekh & Buchmeier, 1986) . Briefly, fivefold dilutions of serum were incubated with a standard amount of LCMV at 37 °C for 45 rain and then plated onto a confluent layer of Vero cells. The end titre of neutralizing antibody reflected a 50~ reduction in p.f.u, of LCMV. Antibody was also tested by indirect immunofluorescence using LCMV-and non-LCMV-infected Veto cells (Schwimmbeck et al., 1988) .
The cytotoxic activity of CTLs was determined by a standard 5 h 51Cr release assay (Byrne & Oldstone, 1984; Whitton et al, 1988; Oldstone et al., 1988 Binding of LCMV to BB rat lymphocytes. LCMV stock was purified from BHK-infected cells as described (Buchmeier et al., 1980; Oldstone, 1990) . After 48 h of infection (m.o.i. of 1), culture fluid containing the virus was harvested and cleared of cell debris by centrifugation at 1200 r.p.m, for 30 min. Virus was concentrated initially on polyethylene glycol and then by centrifugation (35000 r.p.m, for 30 min) from a discontinuous reograffin gradient. Purified virus 1 to 2 mg of protein/ml was incubated with N-hydroxysuccinimidiobiotin diluted in DMSO at 1 mg/ml as described (Oldstone, 1990; Ingharimi et al., 1988) . A virus :biotin ratio of 5:1 was used. After removal of free biotin by dialysis against phosphate-buffered saline (PBS), aliquots of biotinylated virus were diluted in RPMI medium containing 7~ inactivated FCS and titrated for infectious virus by plaque count. Biotinylated viruses used in these experiments retained their infectivity of > 50~ even after storage at -70 °C until use. Prior to use, various amounts of biotinylated virus (0-5 lag to 30 lag) were addedtol x 1061ymphocytes (Doyle&Oldstone, 1978) and incubated on ice for 45 min. Thereafter, cells were washed twice and avidinphycoerythrin (PE) was added (Oldstone, 1990; Ingharimi et al., 1988) .
After an additional 30 min incubation on ice, cells were washed and analysed by the fluorescence-activated cell sorter (FACS) to determine the amount of virus-biotin required for maximum binding to cells. For experimental studies, monoclonal antibodies (MAbs) (50 lal) to various rat lymphocyte subsets and biotinylated LCMV (50 lad were added simultaneously to I × 106 lymphocytes. The source, dilution and usage of MAbs to all rat T lymphocytes (W3/13), to rat CD4, T helper lymphocytes (W3/25) and to non-helper CTLs and natural killer cells (OX8) have been described (Schwimmbeck et al., 1988) . Cells were gently resuspended every 10 min, incubated for 45 min on ice and washed twice in medium containing 5~ heat-inactivated FCS. Conjugated (fluorescein isothiocyanate; FITC) afffinity-purified antibody to the immunoglobulin of the MAb used and avidin-PE were added to pelleted cells. Again, cells were gently suspended every 10 min during a 30 min incubation on ice. After three washes, cells were treated with 0.5 ~ formalin in PBS and analysed by FACS. Preliminary studies showed a dose-response curve for the addition of differing concentrations of LCMV-biotin and the addition of unlabelled virusblocked LCMV-biotin binding (A. Tishon & M. B. A. Oldstone, unpublished results) . These studies were performed on MC57 and BALB clone 7 ceils (Whitton et al., 1988) , of which >75% bound the virus. Statistical analysis employed Student's t-test.
Results

Clearance of LCMV from BBdp rats is associated with the generation and maintenance of neutralizing antibodies and not due to a CTL response
In earlier studies, 8 × 105 to 1 × l07 p.f.u, of LCMV Armstrong clone 13 given i.v. to adult mice of several strains Tishon & Oldstone, 1987; Ol.dstone, 1988) resulted uniformly in viral persistence, whereas 2 × 106 to 1 × 10 v p.f.u, inoculated i.v. into BBdp rats significantly inhibited their spontaneous IDDM and caused acute and not persistent infection Schwimmbeck et al., 1988 Fig. 1 . Acute LCMV infection is efficiently cleared in BBdp rats in the absence of a CTL response. Infectious virus in sera (m) ranged from 102 to 105 p.f.u,/ml and infectious centres (0) ranged from 3 x 101 to 1 x 10 s per 106 peripheral blood mononuclear cells (PBMN) with peak titres at 7 days p.i. Neutralizing antibodies (F1) were first detected in two of eight sera on day 15 and in all sera by day 30 and thereafter. Peak titres occurred at day 30 to 60. Neither a primary CTL response was detected 7 days p.i. nor secondary CTLs at 60 days p.i. The horizontal axis plots the time after initiating infection (days) in 30 day old BBdp rats. .E O sera (10 2 to l0 s p.f.u./ml) up to 15 days after initiating infection but not thereafter for up to 180 days of monitoring ( Fig. 1) . At day 4 virus titres ranged from 102 to 104 p.f.u./ml, by day 6 to 7 they ranged from 103 to 105, falling to 101 to 102.5 by day 15. Similarly virus could be recovered from lymphocytes, as determined by the infectious centre assay, over the initial 21 day time span with peak titres occurring at day 7 after infection ( Fig. 1) . Geometric mean average infectious centres/106 lymphocytes + 1 S.D. were: atday 7, 1237 + 879; day4 and 5, 14 +_ 5; day 10, 93 _+ 23; day 15, 5 +_ 2; day 30, none detected. These studies with 10 BBdp rats were confirmed with two additional experiments. Further the numbers of infectious centres routinely noted in BBdp rats were 20-to 80-fold higher than those noted at comparable times in BBdr rats; hence studies of 16 individual BBdp and 12 BBdr rats showed peak infectious centres (per 106 lymphocytes 7 days after LCMV challenge, 1 x 107 p.f.u.) of 843 (range 190 to 100000) for BBdp as compared to 11 (range 0 to 420) for BBdr rats (P value < 0.001). Replication of virus was noted by the number of lymphoid cells infected and releasing infectious virus over time, i.e. BBdp: day 4, 12 _+.2;day7,843 _+ 575 ; day10, 91 + 23;day 15,55 + 15; day 21, 5 +_ 2; day 30 and day 60, none. However no virus ,.0 z was recovered from a 10 ~ homogenate of brain, kidney, pancreas or adrenal glands obtained from BBdp rats 4, 10, 60 or 180 days post-infection (p.i.). Similarly, RNA extracted from brains, kidneys, pancreas, spleens or adrenal glands of BBdp rats 4, 10, 60 and 180 days after inoculation with 1 x 107 p.f.u, of LCMV failed to hybridize to the 32p-labelled cDNA probe specific for the S RNA segment of LCMV (Schwimmbeck et al., 1988) . In contrast, in adult mice (SWR/J, BALB, C57BL/6) similarly inoculated with lymphotropic LCMV clone 13, virus was recoverable and LCMV 32p. labelled cDNA hybridized to RNA from such tissues. Inoculation of newborn, 1 or 2 day old BBdp rats with LCMV led to viral replication in multiple tissues. Titres for brain and liver (p.f.u./g tissue), 7 days after virus challenge: four rats, brain range 1 x 106 to 1 x 107 , liver, 8 x 105 to 1 x 107. This was previously noted by others using different strains of LCMV and rats (Monjan et al., 1972) .
Neutralizing antibody was detected over the 180 day observation period in LCMV-inoculated BBdp rats (Fig.  1) . Fifteen days after virus inoculation, six out of 12 rats had neutralizing antibody titres ranging from 1/20 to 1/50, and by 180 days all rats assayed showed such antibodies with a mean titre of 1/200. By indirect immunofluorescence, antibodies were found in all rats 15 days after LCMV challenge.
No CTL response was observed in splenic lymphocytes of BBdp rats 7 days after they received 1 x 107 p.f.u, ofLCMVi.v., I x 107orl × 105p.f.u.i.p. (Fig. 1,  Table 1 ). Similarly, no secondary LCMV-immune CTLs were detectable 60 days after virus inoculation and 5 days of culture.
Table 1 also shows that BBdp rats formed no Pichinde or vaccinia virus-specific CTLs, in accordance with their failure to generate LCMV-specific CTLs. Although BBdr rats generated CTLs to all three test viruses, overall responses to Pichinde virus were uniformly the highest and to vaccinia virus, the lowest.
Inability of BBdp rats to generate CTL is not associated with a dominant gene
The F1 hybrid offspring of BBdp × BBdr rats were then tested for virus-specific CTL responses. As seen in Table  2 these hybrids effectively generated both LCMV and Pichinde virus-specific CTLs, regardless of whether the BBdp parent was female or male.
LCMV binds and replicates preferentially in BBdp lymphocytes compared with BBdr lymphocytes
Finally, we evaluated the ability of LCMV to bind to lymphocytes from BBdp and from BBdr rats. For these * Rats or mice were inoculated i.p. with 1 × 10 s p.f.u, of either LCMV, Pichinde virus or vaccinia virus. Spleens were harvested 7 days later and used as a source of CTLs (see Methods). Data from splenic lymphocytes harvested on days 6 to 8 were equivalent. Similar results occurred with other experiments. E : T, Effector to target cell ratio; ~rD, not determined. Data are averages of three or four rats or mice.
t Rats or mice were inoculated i.p. with 1 x 105 p.f.u, of LCMV. Sixty days later spleens were removed; lymphocytes were isolated and cultured for 5 days in the presence of T cell growth factor and syngenic macrophage feeder layers infected with and expressing LCMV. ND, not determined. studies, LCMV was conjugated to biotin and added to Ficoll-Hypaque-purified peripheral blood lymphoid cells from rats (Schwimmbeck et al., 1988; Doyle & Oldstone, 1978) . Also tested were individual lymphocyte subsets defined by fluoresceinated MAbs, reacted with avidin-PE and subjected to FACS analysis. As shown in Fig. 2 , LCMV binding to total BBdp T lymphocytes (W3/13) was much higher, as were that to T helper (W3/25) and cytotoxic T (OX8) subsets, than to corresponding BBdr lymphocytes. In multiple repeat experiments, the binding to BBdp cells exceeded that to BBdr cells by five-to 15-fold (P <0-05 to <0-0001). In the representative experiment depicted in Table 3 , peripheral blood or splenic lymphocytes harvested from BBdp rats 7 days after i.p. inoculation of 1 x 107 p.f.u, of LCMV had significantly more infectious centres than those from BBdr rats; the mean + 1 S.E.M. for three BBdp rats was 1423 + 150/106 lymphocytes (individual BBdp rat values: 1700, 1360 and 1200) compared to 153 + 59 for three BBdr rats (values for individual BBdr rats: 76, 114 and 270), P <0.0001.
Discussion
We have shown that the BBdp rat clears LCMV effectively and efficiently. This clearance is associated with a strong neutralizing antibody response but with no observable participation by CTLs. Although BBdp rats fail to generate a LCMV CTL response, BBdr rats succeed. Thus, the BBdp and BBdr rat models may prove useful in identifying the basic requirements for induction and generation of a CTL response. The failure of BBdp rats to generate CTLs for the control of LCMV infection contrasts with the necessity of mice for CTLs to abort LCMV infection (Zinkernagel & Doherty, 1979; Buchmeier et al., 1980; Byrne & Oldstone, 1984; Moskophidis et al., 1987) . Although CTLs are the cardinal effectors in clearing LCMV from blood and organs of mice, recent studies using B cell-deficient mice have indicated some role for neutralizing antibodies (Cerny et al., 1988) . The absence of a CTL response in BBdp rats speaks to using caution in extending results from one animal species to the next, even for the same virus. Indeed, there are (0.7-1.4) (0.14-0.25) BBdp 4.02 ± 0.22 6.14 + 2-68 5-94 + 0-64 (3.7-4.4) 2.1-11.4 5.3-6.6 P value < 0-001 0.05 <0.001 * FicolI-Hypaque-purified lymphocytes were FACS-sorted into subsets by using MAbs and FITC. Binding of LCMV was judged by using biotinylated LCMV and avidin-PE for FACS analysis (see reports of poor CTL responses or none at all, to vaccinia virus in experimental infections of monkeys and in vaccinated humans, despite the good CTL response to vaccinia virus in mice (Perrin et al., 1977 (Perrin et al., , 1978 .
Lack of functioning CTLs in BBdp rats was recently described by two other groups (Prud'homme et al., 1988; Woda & Padden, 1987) . Prud'homme and colleagues showed that lymphocytes from BBdp rats failed to kill allogenic targets and failed to generate lectin-dependent cytotoxicity even in the presence of added interleukin 2, y-interferon and other lymphokines. Woda & Padden (1987) were the first to show that BBdp rats fail to generate LCMV-specific CTLs. We confirm and extend their results by reporting our results: that this defect in LCMV CTLs does not lead to the biological consequence of persistence; secondly, that the defect in CTLs also holds for Pichinde and vaccinia viruses; that no secondary LCMV response is generated; and finally, that LCMV preferentially binds to and replicates in lymphocytes from BBdp rats compared to those from BBdr rats.
The inability of BBdp rats to mount CTL responses is a genetic trait, since it has been observed in four consecutive generations of BBdp rats (M. B. A. Oldstone, unpublished data). However, the defect is not dominant, as FI hybrids of matings between BBdp and BBdr rats mount effective CTL responses to LCMV and Pichinde Biotinylated LCMV consistently bound in significantly greater amounts to lymphocytes from BBdp rats than those from the BBdr strain. This elevated binding was true for total lymphocytes as well as for pan T, helper T and cytotoxic T lymphocyte subsets of BBdp rats, indicating the likely excess of LCMV receptors on such cells compared to lymphocytes from BBdr rats. In general the degree of binding was greater on cytotoxic T cells than on the T helper subset. The OX8-bearing subset of BBdp rats is believed to be composed of both cytotoxic/suppressor T cells and natural killer cells (Francfort et al., 1985) . Paralleling the enhanced binding of LCMV, a greater number of lymphocytes from BBdp rats replicated virus (recorded as infectious centres) than did lymphocytes from BBdr rats. These results probably account for the acute and transient immunosuppression observed with respect to non-viral T helper antigens in BBdp and not in BBdr rats (Shyp et al., 1990) , and may also account for the inability of BBdp rats to generate a virus-specific CTL response.
LCMV and another arenavirus, Junin virus, have been reported to induce transient acute immunosuppression in mice and guinea-pigs (Buchmeier et al., 1980; Woda & Padden, 1987; Lynch et al., 1989; Leist et al., 1988; Roost et al., 1988; Broomhall et al., 1987; Parodi et al., 1967) . We have also noted that LCMV given to adult BBdp rats aborted primary antibody responses to several non-viral antigens, all dependent on a T helper contribution. Thus, LCMV infection in BBdp and BBdr rats should also be useful for analysis of the molecular and biological basis of virus-induced immunosuppression.
